A demand for a nanoscale patterning method with high throughput exists for the fabrication of next-generation devices. Nanoimprint lithography (NIL) is a major breakthrough for obtaining the nanoscale pattern because of its high resolution and simple process. Because the resolution of NIL depends on the features of the master mold, it is very important to prepare a fine mold. Electron beam lithography (EBL) is typically used for the fabrication of NIL molds because EBL has a resolution of sub-10 nm. However, EBL is low throughput process and performed in a vacuum; it is difficult to obtain a large mold via EBL. On the other hand, direct laser writing (DLW) performed in the atomosphere is also promising method for the fabrication of a NIL mold because DLW can fabricate an arbitrary pattern in a large area. However, it is difficult to achieve the resolution of sub-100 nm with DLW because of a diffraction limit. To fabricate a fine mold in a large area, we have developed a miniaturization technique of a replica mold made of an elastic UV-curable resin using mechanical deformation. Although, the miniaturization of a line and space (LS) pattern of several hundreds nm width was already demonstrated, the miniaturization characteristics of a several micron and sub-100 nm width pattern are not examined. In this study, the deformation characteristics of the LS pattern with the micron and sub-100 nm width are examined. As a result, it became clear that our miniaturization technique can apply to the micron pattern. In addition, we succeeded in reducing the size of an LS pattern with a line width of less than 50 nm.
Introduction
A nanoscale patterning method with high throughput and a cost-effective process is greatly required to fabricate next-generation devices. In particular, line and space (LS) patterns with a nanoscale width are used in various fields such as for a wire grid polarizer (Ahn and Guo, 2008) , transparent conductive sheet (Kang et al., 2008) , and plasmon device (Park et al., 2011) . To obtain an LS pattern at a low cost, ultraviolet-(UV-) nanoimprint lithography (NIL) is expected to be a good candidate because of its high resolution and simple process (Haisma et al., 1996) . In particular, roll-to-roll ultraviolet NIL (RTR-UVNIL), which uses a roll mold and a UV curable resin, permits a very high throughput of 18 m/min (Yoshikawa et al., 2013) . The UV-NIL and typical RTR-UVNIL processes are shown in Figs. 1 and 2, respectively. As shown Figs. 1 and 2, it is very important to prepare a fine mold, because the mold is contacted to a UV curable resin and the resolution of NIL depends on the features of the master mold. Electron beam lithography (EBL) is typically used for fabricating a master mold because EBL can reach a sub-10-nm resolution (Namatsu et al., 1998) . However, EBL is a low throughput process; it is difficult to obtain a large master mold via EBL. Moreover, the size of the patterning area by using EBL is restricted by the size of the vacuum chamber. In contrast, optical lithography techniques such as direct laser writing (Petrzelka and Hardt 2013, Sekkat and Kawata, 2014) can obtain an arbitrary pattern for large areas because these techniques do not require the vacuum condition. However, the resolution of these techniques is not sufficient for sub-100-nm LS patterning because of the diffraction limit of light. To obtain a fine mold, on the other hand, a miniaturization technique is an effective method for obtaining a sub-100-nm LS pattern in a large area. In particular, the deforming method is a powerful yet simple process, resulting in a low equipment cost. In this case, the master mold, which is typically made of silicon or quartz, is difficult to deform. Therefore, a replica mold or a daughter mold made of a polymer resin has been used for the deforming method. Deforming methods using heat-shrinkable film (Yokoo et al., 2007) or poly(dimethysiloxane) (PDMS) (Hatab et al., 2008) have already been reported. However, the shrinkage ratio of a heat-shrinkable film is fixed. Thus, it is difficult to obtain various size patterns from a master mold. In contrast, a mechanical deforming method with an elastic material such a PDMS can control the shrinkage ratio. However, it typically takes a long time (e.g., >10 min) to fabricate a PDMS pattern because PDMS is a thermosetting material.
Therefore, we developed a mechanical deformation technique that uses an elastic UV-curable resin (Unno et al., 2013) and succeeded in the fabrication of a sub-100-nm LS pattern (Miebori et al., 2014) . However, it was not clear whether our technique could obtain a finer LS pattern or a LS pattern with micron-scale width. In this study, the deformation characteristics of a 50-nm LS pattern and micron-scale width were examined using the elastic UV-curable resin. As a result, it became clear that our miniaturization technique can apply to the micron pattern. Moreover, we succeeded in reducing the size of an LS pattern with a line width of less than 50 nm. We believe that our technique will help with the fabrication of a fine mold for nanoimprinting.
Experimental
We first prepared a daughter mold with an LS pattern using an elastic UV-curable resin as follows: The replica mold was duplicated from a master mold and UV-curable resin (PARQIT OEX-028-X433-3, AUTEX Corp., hereafter X433-3) via UV-NIL. X433-3 has a high hardness and can be used for an NIL mold (Otsuka et al., 2014) . The pressure and UV exposure energy were 0.3 MPa and 3000 mJ/cm 2 , respectively. The obtained replica mold was baked at 85 °C for 30 min to improve the release property. Unno, Miebori, Nakamura and Taniguchi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) Figs. 3 and 4 shows the experimental procedure of our miniaturization technique. In this study, we used an elastic UV-curable resin (AUP-803, Tokushiki Co., Ltd.). The capacity of the stretch rate of AUP-803 in bulk was up to 400%. We used an elastic film (AUP-805, Tokushiki Co.) as a base substrate. Therefore, there was no need to heat the sample to extend the substrate, whereas our previous method required heating because the base film was a thermoplastic material (Unno et al., 2013) . First, a piece of the AUP-805 substrate with a thickness of 120.0 μm was cut to form a 1-cm square. AUP-803 was poured onto the mold made of X433-3, and the sample was prebaked at 120 °C for 1 min (Fig. 3(a) ). Next, UV-NIL was performed on the center of the cut substrate of AUP-805 to duplicate the LS pattern onto the base film of AUP-805 (Fig. 3(b) ). The pressure was 2.5 MPa, and the press time was 5 min. After wating the press time, UV light was exposed at 3000 mJ/cm 2 . Next, the mold was released, leaving the duplicated LS pattern on the base film of AUP-805 (Fig. 3(c) ). Subsequently, the base film was stretched, and the LS pattern on the base film was extended (Fig. 3(d) ). In this case, the base film was pulled in the same direction as the LS pattern. The pulling length was fixed by the extension ratio, which was defined in terms of the length of the pattern field. The stretched elastic substrate was then fixed to a polyester substrate (Cosmoshine 4300, Toyobo Co.). Unno, Miebori, Nakamura and Taniguchi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) Next, the extended LS pattern of AUP-803 was coated with platinum using sputtering and dipped into Optool DSX diluted to 0.1% for 10 min, which is an anti-sticking coating material. Finally, the extended LS pattern was transferred to a layer of PAK-01 (Toyo Gosei Co., Ltd.) on a polyester substrate. The UV exposure energy for the PAK-01 was 120 mJ/cm 2 . As a result, a finer LS pattern than the width of the original pattern was obtained. As shown in Fig. 5 , the theoretical value of the line width and height after extension can be calculated if it is assumed that the volume of the line pattern was not changed after the deformation (Miebori et al., 2014) . To simplify the estimation of the features after the deformation, in this case, we assumed that the line pattern was isolated from the base film. For example, if the extension ratio is , the line width , and height will be /√ and /√ after the extension, respectively. We prepared three master molds, which had different features. The first replica mold had a line width of 4.6 μm, space width of 25.2 μm, and height of 3.4 μm; the corresponding values for the second mold were 100 nm, 100 nm, and 500 nm, and those of the third mold were 45 nm, 200 nm, and 100 nm, respectively. The line width and height of the extended elastic resin pattern were measured by atomic-force microscopy (AFM) with an SPM-9600 instrument (Shimadzu Corp., Kyoto) and the line width was defined by full width at half maximum.
Result and discussion
Previously, we reported our miniaturization technique using only a nanoscale pattern (Unno et al., 2013 , Miebori et al., 2014 . At the beginning, therefore, we examined our technique with a microscale pattern. Fig. 6(a) shows a laser-microscope image of the prepared microscale pattern, which had a line width and height of 4.6 μm and 3.4 μm, respectively. Fig. 6(b) shows a laser-microscope image of the pattern after the extension. The extension ratio was 2.35 in this case. After miniaturization, the line pattern was shrunk, and the line width and height were 4.0 μm and 2.8 μm, respectively. As a result, it became clear that our miniaturization technique could be used not only for a nanoscale pattern but also for a microscale pattern. Fig. 6 Miniaturization result with microscale pattern, (a) before and (b) after extension (ratio: 2.35). Unno, Miebori, Nakamura and Taniguchi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) Next, we examined our technique with the microscale pattern by varying the extension ratio. Fig. 7(a) and (b) shows the relationships between the extension ratio and the line width and height, respectively. The theoretical curve was calculated by assuming that the constant volume deformation occurred. The experimental data of the line width and height were both fitted to the theoretical curve when the extension ratio was smaller than two. On the other hand, the result shows that the error bars became larger as the extension ratio became larger. Although the capacity of the stretch rate of AUP-803 in bulk was up to 400%, it appeared to be difficult to assume that elastic deformation occurred when the extension ratio was greater than two with the microscale pattern. However, we already reported that our process is repeatable (Unno et al., 2013) , and we believe that this repeatability helps to obtain a finer pattern at the microscale. Fig.7 Relationships between extension ratio of microscale pattern and (a) line width and (b) height.
Next, we examined our technique with a nanoscale pattern to investigate the extension property. As previously noted, the optimum extension ratio was less than two with the microscale pattern. Therefore, we here varied the extension ratio up to 2.5. Fig. 8 shows the relationships between the extension ratio and the line width and height in the case of the nanoscale pattern. The theoretical curve was calculated likewise by assuming that the constant volume deformation occurred. Fig. 9 shows the miniaturization results for a line pattern with a width of 100 nm after the extension with a ratio of 1.83 and 2.31. In the ratio of 1.83, the line pattern became smaller than the original width, and the width of the shrunk pattern was 75 nm (Fig. 9(b) ). Therefore, we succeeded in the fabrication of a sub-100-nm pattern. In contrast, when the extension ratio was larger than two, the theoretical line did not agree with the experimental data. In addition, the nanoscale pattern was damaged after such a large extension (Fig. 9(c) ). Therefore, it became clear that the capacity of the stretch rate of AUP-803 was related to the pattern feature. In particular, the capacity of the nanoscale pattern was smaller than that of the bulk because the elastic region of the nanoscale pattern was different from that of the bulk material, because the continuum mechanics model was not ideal. Fig. 8 Relationships between extension ratio of nanoscale pattern and line width. Unno, Miebori, Nakamura and Taniguchi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.5 (2016) Fig. 9 Miniaturization of 100-nm-wide line pattern: (a) before and after extension at (b) 1.83 and (c) 2.31 ratio.
Finally, we examined our miniaturization technique using a line pattern with a 45-nm width. Fig. 10(a) and (b) shows the results of the miniaturization, where a line pattern of 37 nm was obtained with an extension ratio of 1.33. When the extension ratio was 1.46, however, the line pattern disappeared, as shown in Fig. 10(c) . As a result, we also succeeded in the fabrication of a sub-50-nm pattern. In order to obtain the finer pattern with the miniaturization technique, a high aspect ratio pattern will be needed. In this study, it was difficult to obtain cross-sections of the sub-50-nm pattern. To obtain the cross-section of such a fine pattern, dynamic force microscope (DFM) will be required. Since the mold was extended and it may affect the transfer property of nanoimprinting, it is also needed to investigate the durability of the miniaturized mold in the future. 
Conclusion
We examined a miniaturization technique that uses mechanical deformation for microscale and nanoscale patterns. As a result, it becomes clear that a finer pattern was more difficult to extend, because the elastic region of a nanoscale pattern was different from that of a bulk material. To obtain a pattern with a higher aspect ratio after extension, the initial aspect ratio must be improved. The miniaturized mold by the mechanical deformation can be used for the UV-NIL process. Consequently, we succeeded in the fabrication of a sub-50-nm pattern using our miniaturization technique. We believe that the combination of our miniaturization technique and conventional fabrication techniques for master molds will be helpful to obtain finer replica molds, compared to the master mold.
